Strawberry, belonging to the Rosaceae family, translocates sucrose as the main carbohydrate to fruit, although many Rosaceae fruit trees use sorbitol as translocated sugar; however, we have found that strawberry has genes encoding sorbitol-metabolizing enzymes. In this study, the property of NAD + -dependent sorbitol dehydrogenase (NAD-SDH) and the effect of sugars and phytohormones on NAD-SDH activity and its mRNA accumulation were investigated to elucidate sorbitol metabolism and its regulation. The K m values of NAD-SDH for substrates of fructose and sorbitol were 78.7 and 7.3 mM, respectively, similar to those of maize, which synthesizes sorbitol by the reduction of fructose by NAD-SDH. This result suggested that NAD-SDH in strawberry fruit can catalyze the reduction of fructose, but the activity is not enough to accumulate sorbitol in fruit. Therefore, we investigated the effect of sugars and phytohormones on NAD-SDH activity and the transcript level by adding various sugars and phytohormones to sliced fruit discs. Tissues incubated in 100 mM fructose or sorbitol stimulated NAD-SDH activity by about 2.5-fold compared with the control. Sucrose also stimulated NAD-SDH activity, but the increase was not as high as sorbitol or fructose. Of the phytohormones treated, 100 µM indole-3-acetic acid (IAA) had a marked stimulatory effect on NAD-SDH activity, but the other phytohormones (abscisic acid, gibberellic acid and 6-benzyladenine) had no stimulative effect. The mRNA transcript level in all sugar and phytohormone treatments showed no marked increase compared with the control. Thus, the kinetics and induction profiles by phytohormones of NAD-SDH showed that sorbitol metabolism in strawberry fruit was different from that in apple and Japanese pear fruits.
Introduction
It is well known that many Rosaceae fruit trees mainly use sorbitol as a translocated sugar, which is synthesized in leaves by sorbitol-6-phosphate dehydrogenase (S6PDH, E.C. 1.1.1.140) and is converted to fructose in sink tissues by NAD + -dependent sorbitol dehydrogenase (NAD-SDH, E.C. 1.1.1.14). Although strawberry belongs to the Rosaceae family, it translocates sucrose as the main carbohydrate to fruit (Forney and Breen, 1985) and only small amounts of sorbitol have been detected in some varieties of strawberry (Mäkinen and Söderling, 1980; Ogiwara et al., 1998) . We have previously reported that both mRNAs of S6PDH and NAD-SDH were found in strawberry leaves and fruit (Duangsrisai et al., 2007) . It is still unclear how a small amount of sorbitol is synthesized in strawberry, and it is important to clarify the role of sorbitol metabolizing enzymes in strawberry. In the present study, we focused on the function and regulation of NAD-SDH in strawberry to understand sorbitol metabolism.
NAD-SDH catalyzes the oxidation of sorbitol and the reduction of fructose (Negm and Loescher, 1979) . The enzyme has been characterized (Oura et al., 2000; Yamada et al., 2006) and its gene has been cloned (Park et al., 2002; Yamada et al., 1998) for Rosaceae fruit trees. In these plants, sorbitol is synthesized by S6PDH in leaves, accumulated in fruit and catabolized to fructose. NAD-SDH activity would favor the conversion of sorbitol to fructose, but NAD-SDH activity was also detected in plants that utilized sucrose as translocated sugar other than Rosaceae family fruit trees. NAD-SDH activity was detected in a crude extract from germinating soybean seeds (Kuo et al., 1990) and from developing maize endosperm (Doehlert, 1987) . Sorbitol accumulated in these plants could be supplied through the reduction of fructose by NAD-SDH, which is a reverse reaction to that in Rosaceae fruit trees.
There is increasing evidence that sugars not only act as a carbon source for heterotrophic growth, but also as signaling molecules that control gene expression (Koch, 1996; Sheen et al., 1999) . Induction of enzymes in heterotrophic metabolism by sugars, especially acid invertase and sucrose synthase, which catabolizes translocated sucrose, has been described for several higher plant species (Koch et al., 1996) . Indeed, the activity of NAD-SDH, which catabolizes translocated sorbitol, was enhanced by sorbitol and glucose, but not by fructose in apple (Archbold, 1999) or Japanese pear fruit (Iida et al., 2004) .
During fruit development, phytohormones are drastically changed and influence fruit development. NAD-SDH activity also clearly changes with fruit development in pear . The expression of acid invertase, which has an important role in sucrose unloading, as well as NAD-SDH, is regulated by some phytohormones and effectively influences the growth of sink tissue (Roitsch et al., 2003) ; however, little is known about the regulation of NAD-SDH by phytohormones, but S6PDH is induced by abscisic acid (ABA) in apple leaves . Therefore, we investigated the properties of NAD-SDH and the effect of sugars and phytohormones on the activity and mRNA expression of NAD-SDH in strawberry. A better understanding of the properties and regulation of the NAD-SDH gene might provide useful information on sorbitol metabolism in strawberry fruit.
Materials and Methods

Materials and sample preparation
Runners from virus-free strawberry plants (Fragaria × ananassa Duch. 'Nyoho') were grown in a greenhouse at 20°C (day/night) under natural light. Fruit reached maturity (about 15 g fresh weight) at 30 days after hand pollination. Fruit at 15-20 days (about 5 g fresh weight) after pollination were harvested in November and December 2006. Discs of 5 mm thickness from the central part of tissues were obtained by removing the head and end of the harvested fruit. They were washed in medium containing 10 mM MES-KOH buffer (pH 6.5) and 10 mM Na-ascorbate.
Incubation of sliced tissue
To reduce sugars in tissues to a level of sugar concentration in the apoplast and cytosol that does not influence applied sugar concentrations, 25 g fresh weight of the discs were preincubated for 16 h at 25°C in five volumes of medium A (10 mM MES-KOH buffer (pH 6.5), 2 mM dithiothreitol, 2 mM CaCl 2 ), because incubating discs of strawberry fruit (Ofosu-Anim and Yamaki, 1994) and Japanese pear fruit (Iida et al., 2004) at room temperature leads to a rapid release of sugars into the medium after 1 h and subsequent 16 h preincubation lead to very low sugar concentration (below 2 mM). To study the effect of sugar on NAD-SDH expression, after preincubation, medium A was supplemented with each of 100 mM sorbitol, fructose, mannitol, sucrose, glucose or 10% (w/v) polyethylene glycol 8000 (PEG), which approximately equaled the osmotic potential of 100 mM sugar (Iida et al., 2004) , and incubated at 25°C for 24 h. To study the effect of phytohormones on NAD-SDH expression, tissues were treated with medium A containing either 100 μM ABA, indole-3-acetic acid (IAA), gibberellic acid (GA 3 ), and 6-benzyladenine (BA) at 25°C for 24 h according to previous studies that used discs of strawberry fruit (Ofosu-Anim and Yamaki, 1994) and pear fruit (Amemiya et al., 2005) . After incubation, the discs were washed with distilled water twice, and then divided into two groups: one group was immediately used for enzyme assay, and the other group was frozen in liquid nitrogen and stored at −80°C until used for RNA extraction.
NAD-SDH extraction and activity assay
Discs were washed twice with distilled water after incubation. The enzyme was extracted using the method of Lo Bianco and Rieger (1998) with modifications. Tissues were homogenized in twice the volume of extraction buffer containing 0.2 M Tris-HCl (pH 9.0), 8% (v/v) glycerol, 0.1% (v/v) Tween-20, 10 mM mercaptoethanol, and 1% (w/v) PolyclarVT (Gokyo Sangyo Co., Japan) by using a mortar and pestle. The homogenate was centrifuged at 3000 × g for 15 min. The supernatant was transferred to a new tube, and then centrifuged again at 10000 × g for 15 min. The supernatant was passed through a PD-10 column (Amersham Bioscience Ltd., UK) to remove low molecular substances. All procedures were carried out at 4°C. The eluate was used as a crude enzyme for the assay to determine NAD-SDH activity according to the method of Yamaki and Ishikawa (1986) . Activity was measured spectrophotometrically at 340 nm after reduction of NAD + in the presence of sorbitol at pH 9.0, or after oxidation of NADH in the presence of fructose at pH 7.5 (Oura et al., 2000) .
Soluble sugar measurement
The extraction of sugars and the measurement of each sugar were described in detail by Tanase and Yamaki (2000) . The sugars were separated on a Shodex Sugar SP0810 column (Showa Denko Co., Tokyo, Japan) at 80°C with running distilled water as the carrier solvent.
RNA extraction
Total RNA was extracted from the discs using the modified phenol-SDS method of Nakajima et al. (1988) combined with the cetyltrimethylammonium bromide method (Murray and Thompson, 1980) .
Semi-quantitative reverse transcriptase (RT)-PCR
First-strand cDNA was synthesized using an oligo (dT) 20 primer, as recommended by the TaKaRa RNA PCR Kit (AMV) ver.2.1 (TaKaRa, Japan). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. Primers GAPDHsense (5'-CTGCCACC CAGAAGACTGTTG-3') and GAPDHantisense (5'-CT CCAGTGCTGCTAGGAATG-3') were designed based on the FaGAPDH (AB363963) sequence. NAD-SDH genespecific primers designed from FaSDH (AB268587) were SDH1S (5'-GTTACA CTGCTAGCTGCTCGTGC TTTTGGG-3') and SDH2A (5'-CGCATCTTACCACTT CTCAAAAACTCCAGG-3'). The program was: 94°C for 5 min, then by 23 (GAPDH) or 25 (NAD-SDH) cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min. The PCR product was approximately 400 bp for NAD-SDH and 100 bp for GAPDH. PCR products were then kept at 4°C. Samples (10 μL) were loaded onto 1% (w/v) agarose gels in 0.5 × TBE buffer (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA, pH 8.0) containing 0.5 g·L −1 ethidium bromide and then electrophoresed at 100 V. Images of RT-PCR agarose gel stained with ethidium bromide were taken and the bands were quantified using Multi Gauge V3.0 (Fujifilm, Tokyo, Japan). Band intensity was expressed in relative absorbance units.
Results
Sugar content in young strawberry fruit
The young strawberry fruit used in this experiment contained 20.7 mg fructose, 19.0 mg glucose, 10.7 mg sucrose and 0.26 mg sorbitol per g fresh weight (Table 1) . In mature fruit, sucrose, fructose, glucose, and sorbitol contents became 38, 20, 20, and trace mg per g fresh weight, respectively, although the culture conditions were different from present conditions (Ogiwara et al., 1998) .
Kinetic properties of NAD-SDH in strawberry
To understand the kinetic parameters, K m and V max values were determined in strawberry extracts. K m values were 7.3 ± 1.1 and 78.7 ± 6.5 mM for sorbitol and fructose, respectively; K m for sorbitol was about 10 times lower than for fructose ( FW) and fructose (14.7 μmol·min −1 ·g −1 FW) remained more or less unchanged. The K m value for fructose reduction in strawberry was similar to the value for maize, but was very different from the values for apple and Japanese pear.
Effect of various sugars on the expression of NAD-SDH
The effect of different sugars on NAD-SDH activity in the direction of sorbitol synthesis in strawberry fruit was investigated (Fig. 1) . Fructose and sorbitol increased NAD-SDH activity to the highest level. Fructose increased the activity by about 2.5 fold compared with the control, and sorbitol increased the activity to a slightly higher level than fructose. Sucrose also increased the activity to a high level, but not as much as fructose and sorbitol. Incubation in mannitol and glucose also increased NAD-SDH activity, but not as much as in sucrose; however, PEG did not increase NAD-SDH activity, showing that the observed increase was not due to an osmotic effect. NAD-SDH activity in the direction Fig. 1 . Effect of various sugars on NAD-SDH activity. Fruit discs were incubated for 24 h in each medium of 100 mM sorbitol, fructose, glucose, sucrose, mannitol, or 10% PEG. The activity of each treatment is the relative to the control. The average actual activity of NAD-SDH in the control was 1.63 µmol·min 1 ·g −1 FW. Each value is the mean ± SE of three independent experiments. The activity was assayed in the direction of sorbitol synthesis. of sorbitol degradation was also assayed in each treatment. Similarly, fructose and sorbitol stimulated NAD-SDH in the direction of sorbitol degradation (data not shown); however, semi-quantitative RT-PCR showed no major changes in mRNA transcript levels of NAD-SDH by fructose, sorbitol, sucrose or glucose compared with the control, despite an increase in activity by their sugars (Fig. 2) ; although mannitol, which is a sugar alcohol like sorbitol, increased not only the activity but also the mRNA level (Fig. 2) . PEG showed no increase in NAD-SDH mRNA compared with the control.
Effect of various phytohormones on the expression of NAD-SDH
The enhancement of NAD-SDH activity by 100 μM of ABA, IAA, GA 3 , and BA was examined. IAA alone increased NAD-SDH activity in the direction of sorbitol synthesis by about 1.5 fold compared with the control (Fig. 3) . ABA, GA 3 , and BA showed no increase in the activity of NAD-SDH. This same pattern of increase was observed in NAD-SDH activity in the direction of sorbitol degradation (data not shown). The effect of various phytohormones on NAD-SDH gene expression was investigated (Fig. 4) . IAA showed no increase in NAD-SDH mRNA compared with the control, even though it increased the activity. ABA, GA 3 , and BA did not increase the level of NAD-SDH mRNA.
Discussion
Our previous study showed that sorbitol and NAD-SDH genes and activity were found in immature strawberry fruit. Although the S6PDH gene was present, its activity was not detected in either strawberry fruit or leaves (Duangsrisai et al., 2007) . This finding led to the question of how and where sorbitol is synthesized in strawberry. In the present study, we focused on the function of NAD-SDH in strawberry to understand the sorbitol metabolism.
Sorbitol is the main photoassimilate translocated from leaves to sink tissues, and is most abundant in Rosaceae fruit trees; however, sorbitol is also found in other plant species. For example, in soybean, some varieties accumulate sorbitol in seeds (Kuo et al., 1990) . In maize, Fig. 2 . Effect of various sugars on NAD-SDH transcript level. Samples were taken from the same induction experiment as used in Figure 1 . The upper band is the target NAD-SDH, and the lower band is the amplification product of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as an internal control. The relative level of NAD-SDH over the GAPDH mRNA of each treatment was quantified by densitometry, and then normalized to the control sample shown as a percentage, i.e., it expresses the change in fold with respect to the untreated control. Each value is the mean ± SE of three independent experiments. Fig. 3 . Effect of various phytohormones on NAD-SDH activity. Fruit discs were incubated for 24 h in each of 100 µM IAA, ABA, GA 3 , and BA. The activity of each treatment is relative to the control. The average actual activity of NAD-SDH in the control was 1.12 µmol·min
Each value is the mean ± SE of three independent experiments. The activity was assayed in the direction of sorbitol synthesis. Samples were taken from the same induction experiment as used in Figure 3 . The upper band is the target NAD-SDH, and the lower band is the amplification product of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as an internal control. The relative level of NAD-SDH over the GAPDH mRNA of each treatment was quantified by densitometry, and then normalized to the control sample shown as a percentage, i.e., it expresses the change in fold with respect to the untreated control. Each value is the mean ± SE of three independent experiments.
sorbitol is accumulated, but is apparently not transported but rather synthesized in the kernel. This accumulated sorbitol may be the result of a reverse reaction of NAD-SDH, converting fructose to sorbitol, because the K m (about 100 mM) value for fructose in maize is 1/10 lower than in apple and pear, and the fructose concentration in tissue possibly reacts for sorbitol synthesis (Doehlert, 1987) ; therefore, a reverse reaction will be present in maize tissues. The K m value of strawberry is similar to that of maize ( Table 2 ). As shown in Table 1 , the young strawberry fruit used for the present experiment accumulated 115 mM fructose. This concentration of fructose in fruit is enough to react to reduce fructose by NAD-SDH activity, although fructose concentration in cytosol is not clear. The reaction of NAD-SDH in the direction of sorbitol production may also occur in strawberry fruit. If this is the case, activation of NAD-SDH could result in a higher accumulation of sorbitol in strawberry fruit. When fructose is used by NAD-SDH, the total fructose pool in fruit may be depleted. The supply of fructose from sucrose may increase because of depleted fructose, resulting in increased sucrose unloading into fruit.
Regulation of NAD-SDH expression by sugar
The regulation of NAD-SDH activity by sugars has been studied in apple fruit and Japanese pear fruit. In apple, sorbitol and glucose, but not fructose, enhanced NAD-SDH activity (Archbold, 1999) . In Japanese pear, these sugars showed a similar pattern to apple (Iida et al., 2004) : sorbitol, glucose, and sucrose, but not fructose, enhanced NAD-SDH activity. However, in this study, NAD-SDH activity in strawberry fruit was stimulated by not only sorbitol and sucrose, but also by fructose (Fig. 1) , with fructose and sorbitol producing the highest increase. If NAD-SDH in strawberry functions in the direction of sorbitol production, enhancement by fructose as a substrate would be reasonable; however, it is hard to consider enhancement by sorbitol, which is a product of NAD-SDH. One possible explanation is that NAD-SDH isozymes may be present and have a different regulation pattern by each sugar. In the increase in NAD-SDH activity by sucrose, hexose produced by invertase from sucrose may enhance NAD-SDH activity. The presence of PEG as an osmoticum did not markedly alter NAD-SDH activity. Thus, osmotic changes influencing NAD-SDH activity can be ruled out.
In apple and pear, elevated NAD-SDH activity occurs parallel with mRNA expression Yamada et al., 1999 Yamada et al., , 2006 . In this study, strawberry mRNA levels did not correlate well with increased NAD-SDH activity (Fig. 2) . Incubation in the presence of sorbitol and fructose resulted in markedly greater NAD-SDH activity compared with other sugars, but mRNA transcript levels were similar in all treatments. These results may be explained by isoforms of the NAD-SDH gene being expressed differently by each sugar using primers designed from a common region of the NAD-SDH gene. Another possible explanation is the regulation of NAD-SDH activity by sorbitol, fructose, and sucrose at the posttranscriptional level. Further experiments are needed to clarify the sugar regulation of NAD-SDH in strawberry.
Regulation of NAD-SDH expression by phytohormones
Information on the regulation of NAD-SDH by phytohormones is limited, but one study showed the effect of ABA on the S6PDH gene . This study showed that IAA enhanced NAD-SDH activity in strawberry (Fig. 3) . The NAD-SDH gene in strawberry is expressed actively in the immature stage, which shows the highest relative growth rate and in the mature stage, which accumulates a large amount of sugars (Duangsrisai et al., 2007) , which is comparable to NAD-SDH in apple fruit (Yamada et al., 1998) , peach fruit (Yamada et al., 2001) , and pear fruit . The growth of strawberry fruit is well known to be stimulated by IAA application, as is the uptake of sugar into fruit (Ofosu-Anim et al., 1996) . Furthermore, it was reported that IAA enhanced acid invertase activity and has an important role in sucrose unloading and catabolism (Lee et al., 1997; Long et al., 2002) . It is therefore reasonable that NAD-SDH activity in strawberry fruit is enhanced by IAA application; however, the observed increase in NAD-SDH activity in this study did not correlate with the mRNA transcript level. The mRNA transcripts were not affected by phytohormones, because they showed similar levels in all treatments (Fig. 4) . This may be explained by the same cause as the sugar effects of NAD-SDH. Recently, auxin has been found to regulate gene expression through degradation of AUX/IAA proteins, which are short-lived nuclear proteins that regulate gene transcription (Dharmasiri and Estelle, 2004) .
The results of the kinetic properties of NAD-SDH and the regulation of NAD-SDH gene expression by fructose, sorbitol, and IAA provide useful information to better understand the molecular events regulating sorbitol metabolism in strawberry fruit. Furthermore, it is important to investigate how S6PDH, whose gene is present but has no activity, is regulated in sorbitol metabolism of strawberry.
